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REMARKS 

Claims 1-16 are pending in this application, all of which have been amended. No 
new claims have been added. 

The Examiner has objected to the Abstract for an informality which has been 
corrected in the aforementioned amendments. 

The Examiner has objected to the disclosure for the following informalities: 

There is no brief description of the invention being given and the contents and 
arrangement for a U.S. patent application are not properly followed as provided by the 
Manual of Patent Examining Procedures. Additionally, the Examiner suggests that the 
specification be amended to include a section cross-referencing the applications to which 
this application claims priority. 

Accordingly, this objection has been addressed by inserting the proper headings 
where appropriate and moving and inserting the "Brief Description of the Drawings" section 
between paragraphs [0016] and [0017], and then the rest of the specification will be under 
the heading " DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS ." 

The Examiner has objected to claims 1-16 for various informalities which have been 
corrected in the aforementioned amendments. The definitions of the variables such as X, 
Y, m, i, d, y, k and "supp" appearing in the various equations recited in the claims are well- 
known to those of ordinary skill in the art and are fully disclosed in the specification and in 
the attached sheets, including a research paper dated June 13-17, 2005, which is 
subsequent to the PCT filing date of November 19, 2004 for the instant application. Please 
note that "V" is not a variable, but an "OR" operation symbol. 

Claims 8-16 stand rejected under 35 USC § 101 for being directed to non-statutory 
subject matter. 

Accordingly, claims 8, 11 and 15-16 have been amended to recite the required 
statutory subject matter, as suggested by the Examiner. 
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Thus, the 35 U.S.C. § 101 rejection should be withdrawn. 



The Examiner has indicated that claims 1-16 would be allowable if claims 8-16 are 
rewritten or amended to overcome the rejections under 35 U.S.C. § 101 indicated above 
and if claims 1-16 are rewritten to overcome the noted minor informalities objections. 



In view of the aforementioned amendments, claims 1-16 are in condition for 
allowance, which action, at an early date, is requested. 



The Director is hereby authorized to charge any deficiency in the fees filed, asserted 
to be filed or which should have been filed herewith (or with any paper hereafter filed in this 
application by this firm) to our Deposit Account No. 04-1 105. 
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• Please see the reference for various mathematical symbols and operators. 

• All the definitions of the variable described in the claim are described in the specification. The meaning of each 
variable is described as follows: 

X = (xi,X2, • • ■ t x n ) : the ordered set of the input variables. ([0005]) 

y = (2/iiJtei " ■ i Vm) '• the ordered set of the output variables. ([0005]) 

m : the number of output variables. 

X - Xi,X2, • • • >x n : the unordered set of the input variables. ([0005]) 

y = V2, - • • > Vm : the unordered set of the output variables. ([0005]) 

F(X) = (fo(X). • • • . f m -\(X)) : multiple-output logic function (ordered set) 

fi{X) : single-output logic function (i denote an index that represents 

the number of the function) 

x(X> Y) : characteristic function (i denote an index that represents the 

number of the variable) ([0044]) 

€ : the mathematical symbol that shows "belongs to" ('x; 6 X' 

represents 'element x belongs to set X') 

Vi : node ('non-terminal node' or 'terminal node') (i denote an index 

that represent the number of the node) 

Zi : the variable related to nonterminal node Vi. 

U : the mathematical operator that shows "union". (X UY repre- 

sents the union of set X and set Y ) 

eo{vi),ei(vi) : the edge (branch) of the node Vi. 

lev : the height of the partition of BDD JbrJUF (Binary Decision Dia- 

gram for Characteristic Function) (Dividing Lines) ([0055] ,[0091]) 

A : the mathematical operator that represents 'execute AND oper- 

ation'. 

Ai=o : the mathematical operator that represents 'execute AND oper- 

ation from index 1 to index m'. 

V : the mathematical operator that represents 'execute OR opera- 

tion'. 

fiJ>{X) = ll : OFF function ([0026]) 

10 (otherwise) 

fi-lW = I l { , X u ^ : 0N functi0n (I 0026 )) 

10 (otherwise) 

hAX) = j \ \ X *~ fi '^ ]) : DC function ([0026]) 
10 (otherwise) 

d : don't care (represents that the value of a function f(X) can be 

either 0 or 1) ([0020]) 

W : the Width of a BDDJor.CF at the height lev ([0054]) 

.n : the mathematical operator that takes integer in which round-up 

below radix point. 
y : NOT logic of variable y. 

su PP(/j) : the set of variables that influence fj ( See non-patent literature 

13,14) ([0050]) (It is called that 'support'.) 
n = (7r[0], • • • , n[m - 1]) : order of logic functions fo{X) y ■ ■ • , f m -i(X). 



1 



7r[i] = j 



the symbole that represents that logic function fj is the £-th. 
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ABSTRACT 

A multiple-output function can be represented by a binary deci- 
sion diagram for characteristic function (BDD_for_CF). This pa- 
per presents a new method to represent multiple-output incom- 
pletely specified functions using BDD_for_CF. An algorithm to 
reduce the widths of BDD.forXFs is presented. This method 
is useful for decomposition of incompletely specified multiple- 
output functions. Experimental results for radix converters, adders 
and a multiplier show that this method is useful for the synthesis 
of LUT cascades. This data structure is also useful to three- 
valued logic simulation. 

Categories and Subject Descriptors 

B.6.3 [Logic Design]: Design Aids 

General Terms 

Algorithms, Design, Experimentation, Performance, Theory 

Keywords 

Incompletely Specified Function, BDD, Characteristic function, 
Cascade, Code converter 

1. INTRODUCTION 

Construction of a Binary Decision Diagram (BDD) for an in- 
completely specified Boolean function arises in several appli- 
cations in the CAD domain: verification, logic synthesis, and 
software synthesis. Three methods are known to represent an in- 
completely specified logic function by binary decision diagrams 
(BDDs)[9J: 

1 . A ternary function that takes 0, 1 and don't care [9J. 

2. A pair of BDDs to represent three values [4]. 

3. An auxiliary variable that represents don't cares 19, 3J. 

Most works are related to the minimization of total number of 
nodes in BDDs [3, 6, 17, 18]. However, these methods are un- 
suitable for functional decompositions of multiple-output func- 
tions. In a functional decomposition, the minimization of width 
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of a BDD is more important than the minimization of total num- 
ber of nodes. To find an efficient decomposition of a multiple- 
output logic function, we can use a multi-terminal binary deci- 
sion diagram (MTBDD), or a BDD that represents the charac- 
teristic function of the multiple-output function (BDD_for_CF) 
[14]. BDD_for_CFs usually require fewer nodes than correspond- 
ing MTBDDs, and the widths of the BDD_for_CFs tend to be 
smaller than that of the corresponding MTBDDs. 

In this paper, we show a new method to represent an incom- 
pletely specified multiple-output function. It uses a BDD Jbr.CF, 
and is suitable for functional decomposition. We also show a 
method to reduce the width of the BDDJbrXF. Experimental 
results using radix converters, adders, and a multiplier show the 
effectiveness of the approach. 

2. DEFINITIONS 

Definition 2.1. x is a support variable of f if f depends 
on x. A function f : {0, 1 }" — > {0, 1 ,d] is an incompletely spec- 
ified function, where d denotes the don 't care. Let f_Q, f_\, and 
f_d be the functions represented by sets f~ ] (Q), / _l (l). and 
f' 1 (d\ respectively. Note that f_ 0 V fj V fj = 1 , / 0 • / 1 = 0, 
L\ -fji = 0. andf_ 0 fj=Q. 

DEFINITION 2.2. [2] Let F = {fx(X)J 2 (X),...J m (X))be 
a multiple-output function, and let X = {x\ ,Jt2, . . . ,x n ) be the 
input variables. The characteristic function of the completely 
specified multiple-output function F is 

X(X,K)= A(* s /'(*»• 

where y, is the variable representing the output //, and i 6 {0, 1 , 
...,m}. 

The characteristic function of a completely specified multiple- 
output function denotes the set of the valid input-output com- 
binations. Let f L0 (X) = fi(X) and f u (X) = f t {X) % then the 
characteristic function x is represented as follows: 

X(*,n= /{(yifLo(X)Vyifu(X))- 
1=1 

In an incompletely specified function, when the function value 
fi is don't care, the value of the function can be either 0 or 1. 
Therefore, for such inputs, the characteristic function is inde- 
pendent of the values of output variables y,. Let f^ denote the 
don 't care set, then we have 

yi(fij>(X) vfu(X)) vydfu (X) vfiAX)) 
= yifLo(x)vyifu(X)vf^(x) 
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Table 2.1: Truth table of an incompletely specified function. 
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Thus, we have the following: 

Definition 2.3. The characteristic function % of an in- 
completely specified multiple-output function 

F = (fi{X),f 2 tX) t ...J m lX))is 

X(xj) = ]\{yifLo(X)v y ;f u (X)vf u (x)} 

Example 2. 1 . Consider the incompletely specified function 
shown in Table 2.1. Since, 

/l-0 = *]*2*3 V*i* 2 *3 

/lJ = *l*2*3 V*iX2*3 V*]* 2 *3 

f\jj = X\Xt> VX\XlXl 

f 2 _0 = * I X 2 *3 V X i X 2 Xi V X 2 X 3 X4 

flA = *2*3 V*2*3*4 

flM = *2*3, 
the characteristic function is 

X = {y\(x[X 2 x 3 Vx\x 2 x 3 )V 

y\ {x\x 2 x 3 VX)X 2 X3 Vx\x 2 x 3 ) V (x\xi\/x l x 2 xi)}- 

{y2(x\*2Xl V x\ x 2 Xi VX2XSX4) V 

y 2 (x 2 xi V x 2 x 3 x 4 ) V (* 2 *3 ) } 1 

Next, we will consider the BDD that represents the characteristic 
function for incompletely specified multiple-output function. 

Definition 2.4. The BDDJbrXF of a multiple-output func- 
tion F = (f\ ,/2, . . . ,/ m ) represents the characteristic function % 
of F, where the variable representing the output y; is in the be- 
low of the support variables for f. (We assume that the root 
node is in the top.) 

Fig. 2.1 illustrates a BDD.for.CF of an incompletely specified 
multiple-output function, where solid lines denote the 1 -edges, 
while dotted lines denote the O-edges. When the 1 -edge of the 
node y/ is connected to a constant 0 node, f ; = 0 (Fig. 2.1(a)); 
when the O-edge of the node y, is connected to a constant 0 node, 
f = 1 (Fig. 2.1(b)); and when both the O-edge and 1-edge of the 
node yi are connected to the same non-constant 0 node, f = d 
(don 7 care) (Fig. 2. 1 (c)). In the case of f = d, the node for y, is 
redundant, and it is deleted during the minimization of the BDD. 

In the case of a BDD_for.CF representing a completely spec- 
ified function, each path from the root node to the constant 1 
node involves nodes for all the output variables y/. Furthermore, 
one of the edges of the node for y, is connected to the constant 
0 node. On the other hand, in the case of a BDD Jor.CF repre- 
senting an incompletely specified function, each path from the 
root node to the constant 1 node may not involve nodes for some 
variable y,\ For the path where the output variables y, is missing, 
fi is don 7 care. 




(a)/=0 (b) y> = 1 (c)fi = d 



Figure 2.1: BDDJorXF representing an incompletely spec- 
ified function. 




(a) BDD_forXF when O's are as- (b) BDD.forXF for incom- 
signed to the all the don 7 cares. pletely specified function. 

Figure 2.2: BDD JbrXF representing multiple-output func- 
tion. 

EXAMPLE 2.2. Fig. 2.2 shows two BDDJor.CFs represent- 
ing the function in Example 2.1. For simplicity the constant 0 
node and all the edges connecting to it are omitted. Fig. 2.2(a) 
shows the BDD. for. CF representing the completely specified 
function, where 0 's are assigned to all the don 7 cares. Fig. 2.2(b) 
shows the BDDJor.CF representing the incompletely specified 
function. The solid and dotted bold edges denote that at least 
one node for an output variable is missing, and the output value 
is don't care. Note that in Fig. 2.2(a), all the output variables 
{y\ ^2} appear in each path from the root node to the constant 
I node. On the other hand, in Fig. 2.2(b), in the bold edges at 
least one output variable y; is missing, and the corresponding 
output f is don 7 care. I 

3. DECOMPOSITION AND BDD_FOR_CFS 
3.1 Decomposition using BDDJbrXF 

By using a BDD.forXF, we can decompose a multiple-output 
logic function efficiently [ 14J. When we decompose the function 
by using a BDD, the smaller the width of the BDD, the smaller 
the network becomes after decomposition. In the case of a in- 
completely specified function, we can often reduce the width of 
the BDDJorXF by finding an appropriate' assignment of con- 
stants to the don't cares. From here, we will consider a method 
to reduce the width of a BDDJorXF representing an incom- 
pletely specified function. 

Definition 3.1. Let the height of the root node be the total 
number of variables, and let the height of the constant node be 
0. Let (zn+m > Zn+m- 1 1 • • ■ » Z\ ) be the ordering of the variables, 
where z„+ m corresponds to the variable for the root node. The 
width of the BDD.forXF at the height k is the number of 
edges crossing the section of the BDD between variables z k and 
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Table 3.1: Decomposition chart of an incompletely specified 
function. 

*1={*1,*2} • 
00 01 10 11 



Table 3.2: Reduction of column multiplicity. 
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z*+i, where the edges incident to the same node are counted as 
one, also the edges pointing the constant 0 are not counted. The 
width of the BDD.for.CF at the height 0 is defined as I. 

Definition 3.2. Lei f(X) be a logic function, and {X U X 2 ) 
be a partition of the input variables. Let \X \ be the number 
of elements in X. The decomposition chart for f is a two- 
dimensional matrix with 2'* 1 ' columns and 2'* 2 ' rows, where 
each column and row has a label of unique binary code, and 
each element corresponds the truth value of f. In the decompo- 
sition chart, the column multiplicity denoted by p is the num- 
ber of different column patterns The function represented by 
a column is a column function. 

EXAMPLE 3.1. Table 3.1 shows a decomposition chart of a 
4- input 1 -output incompletely specified function. Since all the 
column patterns are different, the column multiplicity is p — 4. ■ 

In a conventional functional decomposition using a BDD, the 
width of a BDD is equal to the column multiplicity p. Let {X\ ,X 2 ) 
be a partition of the input variables, then the nodes except for 
variables Xi that are directly connected to the nodes for vari- 
ables X\ correspond to the column patterns in the decomposition 
chart. In a partition (X\,X 2 )> nodes representing column func- 
tions may have different heights. In a functional decomposition, 
such a relation is denoted by f{X\,Xi) = g{h(X\),X 2 ). When 
[•log 2 ^l < I > the function / can be decomposed into two net- 
works: The first one realizes h(X\ ), and the second one realizes 
g(h,X 2 ). The functional decomposition is effective when the 
number of inputs for g is smaller than that of /. 

DEFINITION 3.3. Two incompletely specified functions f and 
g are compatible, denoted by f ~ g, iff f q • g \ = 0 and f j • 
£.0 = 0. 

Lemma 3.1. Let Xa and Xb 06 the characteristic functions of 
two incompletely specified functions. IfXa^Xb an d Xc = XaXb> 
then Xc^XaandXc^ Xb- 

Example 3.2. In the decomposition chart of Table 3.1, for 
pairs of column functions {<t>i,<J>2/. {^h^}. and {03,04}, 
the functions are compatible. Make the logical product of columns 
<J>i and O2, and replace them with Oj and OJ, respectively. 
Where, 4>J and <J>2 show that the functions obtained by assign- 
ing constants to don't cares. Also, make the logical product 
of columns O3 and 4> 4 , and replace them with O3 and OJ, re- 
spectively. Then, we have the decomposition chart in Table 3.2, 
where p = 2. I 

The following theorem is similar to, but different from well 
known theorem on conventional functional decomposition using 
BDDs [8, 13]. It is an extension of [14] into incompletely spec- 
ified functions. 

1 In the case of BDD.for.CF, we do not count the columns that 
consist of all zeros. 
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Figure 3.1: Decomposition of multiple-output function. 

THEOREM 3.1. Let (X\J U X 2 ,Y 2 ) be the variable ordering 
of the BDDjor.CF that represents the incompletely specified 
function, where X\ and X 2 denote the disjoint ordered sets of 
input variables, and Y\ and Y 2 denote the disjoint ordered sets 
of output variables. Let n 2 be the number of variables in X 2 , 
and m 2 be the number of variables in Y 2 . Let W be the width 
of the BDD for CF at height n 2 -\-m 2 . When counting the width 
W, ignore the edges that connect the nodes of output variables 
and the constant 0. Suppose that the multiple-output function is 
realized by the network shown in Fig. 3.1. Then, the necessary 
and sufficient number of connections between two blocks H and 
C^flog2^1- 

3.2 Algorithm to Reduce the Width of 
a BDDJbrXF 

Various methods exist to reduce the number of nodes in BDDs 
representing incompletely specified functions [3, 6, 18, 19, 20]. 
In the method [19], for each node, two children are merged when 
the functions represented by them are compatible. For example, 
when two children / and g in Fig. 3.2(a) are compatible, the 
BDD is simplified as shown in Fig. 3.2(b). By doing this op- 
eration repeatedly, we can reduce the number of nodes in the 
BDD. The following algorithm is used in our experiment, which 
is a simplified version of [19]. Note that our data structure is a 
BDD.for.CF instead of an SBDD. 

Algorithm 3.1. From the root node of the BDD, do the 
following operations recursively. 

L If the function represented by node v has no don 'l care, 
then terminate. 

2. For v, check if two children vn and v\ are compatible. Let 
the functions represented by vn and v\ be Xo and Xi. re- 
spectively. 

£\~ A 

(a) (b) 
Figure 3.2: Simplification method in [19]. 
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Width Width 




(a) Before application. (b) After application. 



Figure 3.3: BDD Jbr_CF before and after application of Al- 
gorithm 3.1. 

• If they are incompatible, then apply this algorithm to 
vo and vj. 

• // they are compatible, then replace vq and v\ with 
Vnew, where v new represents Xnew=Xo X\- 

Example 3.3. Fig, 33(a) and (b) show the BDDJor.CFs 
before and after application of Algorithm 3.1, respectively. When 
there is only one edge coming down from a node, it denotes two 
edges that coincide. In Fig. 3.3(a), nodes I and 2 have com- 
patible two children. For this function, the node replaced for 
node J, and the node replaced for nodes 2 are the same. So, 
in Fig. 3.3(b), two nodes 1 and 2 are replaced with node 3. In 
the figures, the rightmost columns headed with "Width" denote 
the widths of the BDDs for each height. Note that the maximum 
width is reduced from 8 to 5, and the number of non-terminal 
nodes is reduced from 1 5 to 1 2. I 

The method in [ 19] is effective for local reduction of the number 
of nodes. However, since it only considers the compatibility of 
two children for each node at one time, it is not so effective to 
reduce the width of the BDD. Thus, in our method, we check the 
compatibility of column functions in each height, and perform 
the minimal clique cover of the functions to reduce the width of 
the BDD, 

Definition 3,4. In a compatibility graph, each node cor- 
responds to a function, and an edge exists between nodes if the 
corresponding functions are compatible. 

In the functional decomposition, check the compatibility of the 
column functions, and construct the compatibility graph. Then, 
minimize the column multiplicity p by finding the minimum 
clique cover [20, 3]. Since this problem is NP-hard [5], we use 
the following heuristic method. 

Algorithm 3.2. (Heuristic Minimal Clique Cover) 
Let S a be the set of all the nodes in the compatibility graph. Let 
C be the set of subset ofS a . From S a , delete isolated nodes, and 
put them into C. While S a ^ 0, iterate the following operations: 

1. Let V; be the node that has the minimum number of edges 
in S a . Let Si <— { Vj }, Let S b be the set of nodes in S a that 
are connecting to vj. 

2. While S b ^ <|). iterate the following operations: 

(a) Let vj be the node that has the minimum edges in S b . 
LetSj^SiU{vj}.S b ^S b -{vj}. 

( b) From S b , delete the nodes that are not connected to 



Width Width 




(a) (b) 



width 




(C) (d) 



Figure 3.4: Reduction of width of BDDJbr.CF using Algo- 
rithm 3.3. 

3. C *- CU{Sj},Sa^S a -Si. 

ALGORITHM 3.3. ( Reduction of Widths of a BDDJbr.CF) 
Let the height of the root node be t, and let the height of the con- 
stant nodes be 0. From the height / - 1 to }, iterate the following 
operations: 

1. For each height, construct the set of all the column func- 
tions, and construct the compatibility graph. 

2. Find the minimum clique cover for the nodes by Algo- 
rithm 3.2. 

3. For the functions that corresponds the nodes of each clique, 
assign constants to the don 7 cares to make a function that 
is compatible to all the function. 

4. For each column function, replace it with the function pro- 
duced in step 3. and re-construct the BDD with a smaller 
width. 

EXAMPLE 3.4. Fig. 3.4 shows the BDDJor.CF after apply- 
ing Algorithm 3.3 to one in Fig. 2.2. At the height of x^, nodes 2 
and 4 are compatible in Fig. 3.4(a). So, these nodes are merged 
into node 1 1 in Fig. 3.4(b). Next, at the height ofy\, the compati- 
bility graph is shown in Fig. 3.5. Note that in Fig. 3.4(c), nodes 6 
and 8 are replaced by node 1 2, and nodes 1 and 1 0 are replaced 
by node 1 3. The resulting BDD is shown in Fig. 3.4(d). By com- 
paring Figs. 3.4(a) and (d), we can see that the maximum width 
is reduced from 8 to 4, and the number of non-terminal nodes is 
reduced from 1 5 to 1 2. I 

4. EXPERIMENTAL RESULTS 
4.1 Benchmark Functions 

To evaluate the performance of Algorithm 3.3, we generated 
the following incompletely specified functions [16, 15]: 
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Figure 3.5: Compatibility graph. 

Residue Number to Binary Number Converters: 

• 5-7-11-13 RNS (14-input 13-output, DC 69.5%: 4-digit 
RNS number [7], where the moduli are 5, 7, 9, and 1 1) 

• 7-11-13-17 RNS (16-input 15-output, DC 74.0%) 

• 11-13-15-17 RNS (17-input 16-output, DC 72.2%) 

k-nary to Binary Converters: 

• 4-digit 1 1-nary to binary (16-input 14-output. DC 77.7%) 

• 4-digit 13-nary to binary (16-input 15-output, DC 56.4%) 

• 5-digit decimal to binary (20-input 17-output, DC 90.5%) 

• 6-digit 5-nary to binary (18-input 14-output, DC 94.0%) 

• 6-digit 6-nary to binary (18-input 16-output, DC 82.2%) 

• 6-digit 7-nary to binary (18-input 17-output, DC 55.1%) 

• 10-digit ternary to binary (20-input 16-output, DC 94.4%) 

Decimal Adders and a Multiplier: 

• 3-digit decimal adder (24-input 16-output, DC 94.0%) 

• 4-digit decimal adder (32-input 20-output, DC 97.7%) 

• 2-digit decimal multiplier (16-input 16-output, DC 84.7%) 

EXAMPLE 4. 1 . Consider the 10-digit ternary to binary con- 
verters. Binary-coded-ternary is used to represent a ternary 
digit: 0 is represented by (00); 1 is represented by (01); and 
2 is represented by ( 10). ( 1 1 ) is an undefined input, and the cor- 
responding outputs are don 7 cares. Thus, ( | ) 10 = 0,0563 of the 
inputs are specified, but 1 - ( \ ) 10 = 0.9436 are don 7 cares. ■ 

4,2 Reduction of BDD Width 

We applied Algorithms 3.1 and 3.3 to each of the incom- 
pletely specified function presented in Section 4.1, and reduced 
the widths of the BDD.forXF. Before applying Algorithms, we 
optimize the variable order for the BDD _for_CF by sifting algo- 
rithm [12], where the sum of widths is used as the cost function. 

When all the outputs of the function are represented by a sin- 
gle BDD_for_CF, the circuits are too large to implement. So, 
we partition the outputs into two sets, and represent each of 
them by a BDD_for_CF separately. Table 4.1 shows maximum 
widths of BDD.for.CF when the multiple-output function F = 

(/l /m) »s partitioned into two: F\ = (f\,...J\ m / 2 )) and 

^2 = (/fm/2l+i i • • ■ >/m). The upper numbers denote the results 
for F\ , and the lower numbers denote the results for Fi. In the ta- 
bles, the column headed by DC = 0 denotes the case where con- 
stant 0's are assigned to all the don 7 cares; DC = 1 denotes the 
case where constant l's are assigned to all the don't cares\ ISF 
denotes the case where incompletely specified functions (ternary 
functions) are represented; Alg3. 1 denotes the case where Algo- 
rithm 3.1 is applied; and Alg3.3 denotes the case where Algo- 
rithm 3.3 is applied. Reduction ratio is normalized to 1.00 for 
the case of OC = 0. 

By partitioning the outputs into two sets, we could drastically 
reduce the sizes of the BDDs for all the functions. For some 
function, the maximum width of the BDD became 1/2000, and 
the total number of nodes became 1/70. With bi-partitions, we 
can implement the circuits with reasonable sizes. 

Table 4. 1 shows that Algorithm 3.3 produced BDDs with smaller 
widths than Algorithm 3.1, especially for Fi, the outputs for less 



Table 4.1: Maximum width of BDDJbrXFs. 



Name 




DC=1 


ISF 


Alg3.1 


Alg3.3 


5-7-1 1-13 RNS 


503 


503 


503 


502 


416 




461 


461 


461 


460 


363 


7-1 1-13-17 RNS 


471 


471 


471 


470 


337 




1089 


1089 


1089 


1088 


896 


11-13-15-17 RNS 


1574 


1574 


1574 


1573 


1573 




2253 


2253 


2254 


2253 


1229 


4-digit 1 1-nary to binary 


117 


117 


129 


123 


117 


257 


257 


264 


264 


128 


4-digit 13-nary to binary 


226 


226 


236 


232 


225 




257 


257 


264 


264 


128 


5-digit decimal to binary 


393 


393 


393 


392 


391 


257 


257 


78 


76 


64 


6-digit 5-nary to binary 


134 


134 


155 


148 


139 




257 


257 


260 


260 


128 


6-digit 6-nary to binary 


185 


185 


189 


188 


184 


257 


257 


89 


64 


32 


A-Hioil "7-njirv trt hinnrv 
u uigii r-iiaiY \\J uuicUy 


Af^A 
*rO*r 


AAA 






AT) 


513 


513 


516 


516 


256 


10-digit ternary to binary 


265 


265 


305 


304 


294 


513 


513 


514 


514 


256 


3-digit decimal adder 


29 


25 


15 


14 


10 


200 


101 


14 


13 


10 


4-digit decimal adder 


85 


73 


15 


14 


10 


1400 


649 


14 


13 


10 


2-digit decimal multiplier 


945 


946 


955 


954 


945 


767 


769 


327 


269 


224 


Reduction ratio 


1.000 


0.950 


0.825 


0.811 


0.636 



Table 4.2: Reduction of LUT Cascades by using don 7 cares. 



Name 


DC=0 


Alg3.3 


#Cells 


#LUTs 


#Cas 


#Cells 


#LUTs 


#Cas 


5-7-1 1-13 RNS 


6 


35 


3 


4 


29 


2 


7-1 1-13-17 RNS 


9 


53 


3 


8 


52 


3 


11-13-15-17 RNS 


19 


118 


5 


18 


108 


5 


4-digit 1 1-nary to binary 


4 


29 


2 


4 


28 


2 


4-digit 1 3-nary to binary 


4 


31 


2 


4 


30 


2 


5-digit decimal to binary 


8 


50 


3 


7 


48 


2 


6-digit 5-nary to binary 


6 


44 


2 


5 


36 


2 


6-digit 6-nary to binary 


5 


38 


2 


5 


29 


2 


6-digit 7-nary to binary 


10 


68 


3 


9 


58 


3 


10-digit ternary to binary 


9 


59 


3 


6 


48 


2 


3-digit decimal adder 


7 


37 


2 


3 


17 


1 


4-digit decimal adder 


10 


64 


2 


4 


24 


1 


2-digit decimal multiplier 


8 


51 


3 


7 


48 


3 


Total 


105 


677 


35 


84 


555 


30 


Ratio 


1.00 


1.00 


1.00 


0.80 


0.82 


0.86 



significant bits. Algorithm 3.1 checks only the compatibility of 
two children for each node, and reduces the number of nodes lo- 
cally. On the other hand, Algorithm 3.3 checks compatibilities 
among functions for each height of a BDD, and so reduces the 
width more effectively. Let w be the width of the BDD, then 
the algorithm checks (w 2 - w>)/2 compatibilities. Also, it per- 
forms minimal clique cover, so it is more time-consuming than 
Algorithm 3.1. 

We used gcc for Red Hat Linux version 2.4 on a PC using 
Pentium 4 (2.8GHz) with 4G Byte memory. The longest CPU 
times were as follows: When all the outputs were represented 
by a single BDDJorXF: 135 sec (7-1 1-13-17 RNS) to generate 
BDDJorXF. 783 sec (10-digit ternary to binary) to reduce the 
width of the BDD. When the outputs are bi -partitioned: 26 sec 
(11-13-15-17 RNS) to generate a pair of BDDJbrXFs. 1 1 sec 
(11-13-15-17 RNS) to reduce the widths of BDDJorXFs. 

4.3 Logic Synthesis of LUT Cascades 

In the practical applications, when the width of the BDD is 
slightly larger than 2*, by properly assigning the constants to 
don't cares, we can often reduce the width of the BDD, and re- 
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(a) When O's were assigned to all the don 7 cares. 

JdV , 1-2, , ii2 ,_jLz 

8 



"T6 



(b) When Algorithm 3.3 was used to assign don't cares. 
Figure 4.1: 5-7-11-13 RNS to binary number converters. 



duces the number of interconnections between two blocks H and 
Gin Fig. 3.1. 

To see the usefulness of Algorithm 3.3 : we designed bench- 
mark functions in Section 4.1 by LUT cascades [14] . Table 4.2 
shows the sizes of LUT cascades. For all benchmark functions 
except for 11-13-15-17 RNS, we assume that each cell has at 
most 12 inputs and at most 8 outputs [11]. For 1 1-13-15-17 
RNS, we used cells with at most 12 inputs and at most 9 out- 
puts, since it required 9-output cells. In the table, #Cells denote 
the number of cells in the cascade; #LUTs denotes total number 
of LUT outputs; and #Cas denotes the number of cascades. 

For example, consider 5-7- 11-13 RNS. In this function, 69.5% 
of the input combinations are don't cares. Fig. 4.1(a) shows 
the case where constant O's were assigned to all the don 7 cares, 
while Fig. 4.1(b) shows the case where Algorithm 3.3 was used 
to assign don 7 cares. Algorithm 3.3 produced smaller cascades: 
On the average, the total numbers of cells is reduced by by 20%, 
the total number of cell outputs is reduced by 1 8%, and the total 
numbers of cascades is reduced by 14%. 

We also designed cascades by using Algorithm 3.1. In this 
case, the reduction were, 15%, 14%, and 11%, respectively. So, 
it was not so effective as Algorithm 3.3. 

5. CONCLUDING REMARKS 

In this paper, we first showed a new method to represent an in- 
completely specified multiple-output function by a BDD_for_CF. 
Then, we presented a method to reduce the width of the BDD. 
Finally, we applied this method to radix converters, adders and 
a multiplier. When all the outputs were represented by a sin- 
gle BDD_for_CF, we could not reduce the width of the BDD 
even if we use the don 7 cares. However, when the outputs 
were partitioned into two sets, and each set was represented by 
a BDD Jor.CF, we could reduce the width of the BDD by using 
don't cares. We also applied this method to design LUT cas- 
cades. By using the method, we could reduce the numbers of 
cells in cascades, on the average, by 20%. 

The technique is promising for other BDD-based synthesis 
areas, e.g. BDD-based state-space exploration, where the BDD 
representation of the state set can be simplified using reached 
states as don 7 cares. 
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